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H3 Relaxin Protects Against Myocardial Injury in Experimental Diabetic

Introduction
Diabetic cardiomyopathy (DCM) is a specific cardiomyopathy that develops in diabetic patients independently of coronary heart disease and hypertension [1, 2] . Despite the importance of DCM, the underlying mechanisms are not fully understood. Diabetes mellitus (DM) is characterised by myocardial inflammation, oxidative stress, apoptosis and myocardial fibrosis [3, 4] . Hyperglycaemia-induced reactive oxygen species (ROS) generation is considered responsible for the progression and development of DCM [5] [6] [7] [8] [9] [10] . Increased ROS can induce multiple cytokines and inflammatory factors, such as nuclear factor-κB (NF-κB) and thioredoxin interacting/inhibiting protein (TXNIP), and subsequent activation of inflammasomes [11] [12] [13] . Although inflammasomes have been shown to be involved in the pathogenic mechanisms of DM and related complications [14, 15] , the potential role and regulatory mechanism of inflammasomes in DCM have remained largely unexplored. A preponderance of evidence from recent clinical and experimental studies supports the hypothesis that the NLRP3 inflammasome is involved in the mechanism of DCM. However, NLRP3 gene silencing was also shown to exert a protective effect against DCM [16] . The NLRP3 inflammasome is a complex of intracellular interacting proteins that recognises damage-associated molecular pattern molecules and triggers the maturation of proinflammatory cytokines to initiate and amplify the inflammatory response. The NLRP3 inflammasome is composed of an NOD (nucleotide binding oligomerisation domain)-like receptor, ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), and pro-caspase-1 [17] . The activated NLRP3 inflammasome cleaves pro-caspase-1 into cleaved caspase-1. In turn, cleaved caspase-1 activates the IL-1 family proinflammatory cytokines IL-1β and IL-18 by cleaving pro-IL-1β and pro-IL-18 into their active forms. Thus, the NLRP3 inflammasome is a powerful mediator of the immune response via the caspase-1 activation of IL-1β and IL-18. IL-1β-and IL-18-activated inflammation mediates apoptotic and fibrotic processes [18] .
Recently, relaxin-3 was shown to be predominantly expressed in the brain and was found to play a role in regulating arousal, feeding, learning, memory and central responses to physiological stressors [19] [20] [21] . Rat relaxin-3 mRNA expression has been clearly identified in atrial and ventricular cells; however, rat relaxin-3 mRNA is up-regulated in the myocardium during isoproterenol-induced myocardial ischaemia injury. The administration of exogenous H3 relaxin effectively attenuated isoproterenol-induced myocardial injury, potentiated cardiac function and ameliorated cardiac fibrosis [22] . Recent findings have demonstrated that H3 relaxin exerts anti-fibrotic effects similar to those of H2 relaxin via relaxin family peptide receptor 1 (RXFP1) and inhibits cardiac fibrosis during cardiac-restricted transgenic overexpression of β2-AR [23] . H3 relaxin administration has been reported to limit the apoptosis of neonatal rat ventricular myocytes induced by high concentrations of glucose [24] . However, whether H3 relaxin exerts similar cardioprotective effects in DCM remains unclear.
This study was designed to investigate whether H3 relaxin attenuates the damage in experimental DCM by ameliorating myocardial apoptosis and fibrosis and regulating the expression and activation of the NLRP3 inflammasome.
Materials and Methods
Animals and reagents
One hundred and ten Sprague-Dawley (SD) rats (weighing 200-250 g) were obtained from the Experimental Animal Centre at the Second Affiliated Hospital of Harbin Medical University. All animal care
Induction of experimental diabetes in rats and grouping DM was induced in rats by a single injection of STZ (65 mg/kg, intraperitoneal) dissolved in freshly prepared ice-cold citrate buffer (pH 4.5). After 1 week of administration, animals that had serum glucose greater than 240 mg/dl in a random test were considered diabetic rats. In experiment 1, indicators were evaluated at 4 and 8 weeks after STZ injection. We surveyed the cardiac injury in diabetic rats (at least 8 rats in each group). In experiment 2, the rats were divided into 4 groups: control, DM, A group (DM+2 µg/kg/d H3 relaxin) and B group (DM+0.2 µg/kg/d H3 relaxin) (at least 8 rats in each group). In the B and A groups, 2 or 6 weeks after STZ treatment, the rats were treated with subcutaneous H3 relaxin [2 µg/kg/d (A group) or 0.2 µg/kg/d (B group)] for 2 weeks. We surveyed the cardiac injury in the rats (at least 8 rats in each group). The left ventricle weight (LVW), including the interventricular septum weight, was noted and expressed as milligrams per gram of body weight.
Cardiac function analysis using echocardiography
For analysis of cardiac function of the rats, 8 weeks after STZ treatment, echocardiographic images were recorded from anaesthetised rats using a Philips Sonos 7500 ultrasound system. We detected the left atrial diameter (LA, mm), left ventricular end-diastolic diameter (LVEDD, mm), left ventricular ejection fraction (LVEF), left ventricular end-diastolic volume (LVEDV, ml), left ventricular end-systolic volume (LVESV, ml) and heart rates (HR). All measurements were performed in triplicate during 3 consecutive cardiac cycles by the same investigator. Average values were used for our analyses.
Cardiac structure analysis using transmission electron microscopy Tissues were obtained from the left ventricle and fixed in 2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer for 2 h. The samples were then fixed in cacodylate-buffered 2% osmium tetroxide and rinsed in phosphate-buffered saline. The tissues were dehydrated in a graded ethanol series followed by acetone and then embedded in Epon 812. Subsequently, superthin slices were prepared and stained with uranyl acetate and lead citrate. Finally, the specimens were studied by transmission electron microscopy.
Western immunoblot analyses
Frozen hearts were homogenised in ice-cold lysis buffer in the presence of a proteinase inhibitor cocktail. Homogenates were centrifuged at 12, 000 g for 10 min at 4°C. The protein contents of the supernatant were determined using a BCA-200 protein assay kit (Beyotime, China). Equal amounts of proteins (20 μg) were loaded and separated using 12% SDS-PAGE and transferred to a PVDF membrane. The non-specific proteins were blocked by incubating the membrane with 5% non-fat dry milk for 1 h at room temperature with agitation. The membrane was then incubated overnight at 4°C with the following primary antibodies: anti-β-actin (1:1000), anti-NLRP3 (1:1000), anti-ASC (1:1000), anti-cleaved caspase-1 (1:1000), anti-IL-1β (1:1000), anti-IL-18 (1:1000), anti-cleaved caspase-9 (1:1000), anti-cleaved caspase-8 (1:1000), anti-cleaved caspase-3 (1:1000), anti-I-collagen (1:1000), anti-III-collagen (1:1000), anti-α-SMA (1:1000), anti-MMP-2 (1:1000) and anti-MMP-9 (1:1000). The membrane was then washed three times for 10 min each and subsequently incubated with the appropriate fluorescently labelled secondary IgG antibody. Antigen-antibody complexes were visualised using an Odyssey Infrared Imaging System and Odyssey v3.0 software. The protein levels were normalised to the level of β-actin. 
Detection of cytokines in plasma
The plasma was obtained from SD rat blood that was centrifuged for 10 min at 1000 g. IL-1β and IL-18 were detected using a Milliplex MAP Rat Cytokine/Chemokine Magnetic Bead Panel kit (Cat. RECYTMAG-65K, EMD Millipore, Darmstadt, Germany).
Statistical analyses
Each experiment was repeated a minimum of six times, each group contained eight rats, and the results are expressed as the mean ± SD. GraphPad Prism 5.0 software was used for data analyses. For more than two groups, we used one-way ANOVA, followed by a Newman-Keuls multiple comparison test. P < 0.05 was considered significant.
Results
Expression of apoptosis-related proteins in diabetic rat hearts
To determine whether apoptosis is involved in the pathophysiology of DCM, we measured cleaved caspase-3 in the hearts of diabetic rats 4 and 8 weeks after the onset of diabetes by western blot analysis. We further determined whether apoptosis occurred through the extrinsic, intrinsic or both pathways of apoptosis. We observed up-regulation of cleaved caspase-8, cleaved caspase-9 and cleaved caspase-3 protein expression ( Fig. 1 ).
Protein expression of fibrosis markers in diabetic rat hearts
The concentrations of types I and III collagen increased at 4 and 8 weeks after STZ treatment. The expression levels of MMP-2 and MMP-9 were higher in the DM group than in the control group. Additionally, diabetes induced interstitial fibrosis and increased the expression of α-smooth muscle actin (α-SMA), which is a reliable marker of myofibroblast phenotypes (Fig. 2) . 
Activation and expression of the NLRP3 inflammasome in diabetic rat hearts
Previous studies have shown that IL-1β and IL-18 are important proinflammatory cytokines in the development of DCM [25] . IL-1β activation is primarily mediated by the cysteine protease caspase-1, which in turn is activated by the NLRP3 inflammasome [26] . To assess whether the NLRP3 inflammasome was activated in hearts during DCM, we used western blot analyses to measure the protein levels of NLRP3, ASC, cleaved caspase-1, IL-1β and IL-18 after 4 and 8 weeks of DM. We discovered that diabetic rats exhibited rapid accumulation of the NLRP3, ASC, cleaved caspase-1, IL-1β and IL-18 proteins (Fig. 3) .
H3 relaxin ameliorated the disordered cardiac structure and impaired cardiac function in diabetic rats
A significant decrease in body weight was observed in the STZ-treated rats. Treatment with H3 relaxin significantly increased the body weight of diabetic rats. Additionally, a significant increase in the LVW/BW ratio was observed in diabetic rats. Treatment with H3 relaxin significantly decreased the LVW/BW ratio in diabetic rats. Interestingly, H3 relaxin significantly decreased the glucose level in diabetic rats (Table 1) .
To test our hypothesis that cell death, one of the major early cellular events of the heart in response to diabetes, is critically involved in the development of late-stage cardiomyopathy, we examined the cardiac ultrastructure in diabetic rats 4 and 8 weeks after STZ treatment. As shown in Fig. 4 , the hearts of diabetic rats showed extensive structural abnormalities, including reduced and disarranged muscular fibroses with fewer or irregular Z-lines. These changes were rarely observed in the hearts of control rats. H3 relaxin alleviated these STZinduced changes (Fig. 4) .
Transthoracic echocardiography was used to evaluate the protective effect of H3 relaxin in diabetic rats using various cardiac functional parameters, including LA, LVEDD, LVEDV, 
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Cellular Physiology and Biochemistry LVESV, LVEF and HR. Compared with the control group, the DM group exhibited s i g n i f i c a n t l y greater LA, LVEDD, LVEDV, and LVESV and decreased HR. There was no significant d i f f e r e n c e between the control and DM groups in LVEF, although LVEF decreased in the rats with DM. Compared to the DM group, the A group exhibited decreased LVEDD, LVEDV and LVESV. The B group showed no significant differences compared to the DM group (Table 2) .
Effect of H3 relaxin treatment on apoptosis in the diabetic heart
To determine whether apoptosis participated in the H3 relaxin cardioprotection against DM, we evaluated the levels of apoptosis markers, including cleaved caspase-3, cleaved cas- (Fig. 5) .
Effect of H3 relaxin treatment on cardiac fibrosis in the diabetic heart
Compared with the DM group, the A group had significantly lower levels of types I and III collagen (Fig. 6 ). Fibroblast activation in diabetic hearts results in cardiac fibrosis upon fibroblast conversion to hypersynthetic cardiac myofibroblasts. Cardiac fibroblasts are relatively quiescent cells that contribute little to matrix remodelling or wound healing in normal hearts, whereas phenoconverted myofibroblasts contribute to excessive extracellular matrix deposition in the hearts of diabetic rats [27] [28] [29] [30] [31] . The STZ-treated diabetic rats showed Fig. 4 . Cardiac tissue was observed by transmission electron microscopy (original magnification, ×10000). Ultrastructural evaluation was performed by electron microscopy: (a) for the hearts of diabetic rats 4 weeks after STZ treatment; Diabetic rats at 4weeks showed extensive structural abnormalities, including reduced and disarranged muscular fibroses with fewer or irregular Z-lines; These changes were rarely observed in the hearts of H3 relaxin administered diabetic rats. (b) for the hearts of diabetic rats 8 weeks after STZ treatment. Diabetic rats at 8 weeks showed more extensive structural abnormalities than that at 4 weeks, including reduced and destructive muscular fibroses with fewer or irregular Z-lines. These changes were rarely observed in the hearts of H3 relaxin administered diabetic rats. Arrows showed disarranged muscular fibroses with fewer or irregular Z-lines.
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Figure 4. Cardiac tissue was observed by transmission electron microscopy (original magnification, ×10000).
Ultrastructural evaluation was performed by electron microscopy: (a) for the hearts of diabetic rats 4 weeks after STZ treatment; Diabetic rats at 4weeks showed extensive structural abnormalities, including reduced and disarranged muscular fibroses with fewer or irregular Z-lines; These changes were rarely observed in the hearts of H3 relaxin administered diabetic rats. (b) for the hearts of diabetic rats 8 weeks after STZ treatment. Diabetic rats at 8 weeks showed more extensive structural abnormalities than that at 4 weeks, including reduced and destructive muscular fibroses with fewer or irregular Z-lines. These changes were rarely observed in the hearts of H3 relaxin administered diabetic rats. Arrows showed disarranged muscular fibroses with fewer or irregular Z-lines. Table 2 . H3 relaxin improved cardiac function in diabetic rats. Left atrial diameter (LA,mm), left ventricular end-diastolic diameter (LVEDD, mm), left ventricular ejection fraction (LVEF), left ventricular end-systolic volume (LVESV, ml), left ventricular end-diastolic volume (LVEDV, ml), heart rates (HR). *P < 0.05 vs. control, #P < 0.05 vs. DM Cellular Physiology and Biochemistry
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increased expression of α-SMA, consistent with the observed increases in cardiac collagen concentration. H3 relaxin decreased the expression of α-SMA in diabetic rats (Fig. 6) . were normalized to β-actin (cleaved caspase-9/β-actin). Data are the means ± SD, and each measurement carried out six times. *P < 0.05 vs. control, **P < 0.01 vs.
control, #P < 0.05 vs. DM, ##P < 0.01 vs. DM. Under normal conditions, the MMP/TIMP system remains in a dynamic balance. Under pathological conditions, MMPs are increased, and TIMPs are down-regulated. Diabetic rats have increased levels of MMP-2 and MMP-9. H3 relaxin administration over a 2-week period decreased the expression of MMP-2 and MMP-9 (Fig. 6) , consistent with the observed changes in cardiac collagen concentration. The protein expression of IL-18 at 4 and 8 weeks in plasma of diabetic rats. Data are the means ± SD, and each measurement carried out eight times. *P < 0.05 vs.
control, **P < 0.01 vs. control, #P < 0.05 vs. DM, ##P < 0.01 vs. DM. 
H3 relaxin protects the myocardium from NLRP3 inflammasome activation
Considerable evidence has shown that the NLRP3 inflammasome contributes to apoptosis and fibrosis in DCM. NLRP3 gene silencing may exert a protective effect on DCM [12] . H3 relaxin has been shown to limit proinflammatory cytokine production in astrocytes [32] . In our work, the expression of NLRP3, ASC, and cleaved caspase-1 in the hearts of diabetic rats increased. Furthermore, H3 relaxin abolished the activation of NLRP3, ASC, and cleaved caspase-1. By measuring the plasma levels of IL-1β and IL-18, we found that H3 relaxin inhibited IL-1β and IL-18 production (Fig. 7) and subsequent IL-1β and IL-18 release (Fig. 8) .
Discussion
Accumulating evidence suggests that increased oxidative/nitrative stress coupled to the activation of various downstream proinflammatory and cell death pathways plays pivotal roles in the development of complex biochemical, mechanical and structural alterations that are associated with DCM [33, 34] . However, despite this accumulated knowledge, treatments for DCM remain poor.
In our study, we found that diastolic-centred cardiac dysfunction developed at 8 weeks in rats with DM. As reported previously, diastolic dysfunction preceded systolic dysfunction in our experiments, similar to the pattern observed in humans, beginning 2 to 3 months after induction of DM. The ejection fraction was used to investigate systolic function. The average time from the DM induction to the development of heart failure, defined by both systolic and diastolic dysfunction, was 4 months [35] .
H3 relaxin, a member of the relaxin peptide family, has been shown to exert antiinflammatory and anti-fibrosis effects both in vitro and in various models of cardiac fibrosis via RXFP1 [20, 21] . Furthermore, H3 relaxin was recently reported to lower high glucoseinduced neonatal rat ventricular myocyte apoptosis by inhibiting the extrinsic and intrinsic pathways of apoptosis and endoplasmic reticulum stress [22] . In a recent study, we reported no difference in the plasma relaxin-3 concentrations between controls and patients with DM, i.e., the relaxin-3 levels are not related to the component traits of DM [36] . In the present study, we evaluated the effects of H3 relaxin treatment (administered for 2 weeks at 2 and 6 weeks after the development of type 1 DM) on the signalling pathways related to both cell apoptosis and fibrosis using a rat model of type 1 DCM. Significant cardiac dysfunction began to develop in this model after 4 weeks of established DM, with gradually increasing fibroses thereafter (peaking at approximately 8 weeks of established DM). Consequently, for the first treatment protocol (2 weeks after STZ injection), we aimed to study whether H3 relaxin treatment could prevent the development of characteristic alterations of type 1 DCM. Then, in the second treatment protocol (6 weeks after STZ injection), we sought to determine whether these changes were reversible. We found that H3 relaxin inhibited apoptosis and fibrosis in the hearts of diabetic rats. Interestingly, we found that H3 relaxin dramatically improved the glucose level in diabetic rats; the underlying mechanism is poorly understood. In a separate study, human relaxin-3 was administered for 14 days via osmotic minipumps, which produced a significant increase in food intake and body weight, a significant increase in blood leptin and insulin levels and increased epididymal fat mass [37] . In addition, chronic administration of the RXFP3 agonist R3/I5 for 2 weeks increased the plasma insulin and leptin levels [38] . Lipids are energy substrates for cardiomyocytes, components of cell membranes, precursors of signalling molecules, and ligands for nuclear transcription factors. Their myocardial metabolism is disturbed in type 1 diabetes because of insulin deficiency [39] . In summary, we hypothesized that H3 relaxin increased feed intake and insulin levels and thus increased body weight and decreased glucose levels. However, whether H3 relaxin inhibits cardiac injury in diabetic rats by increasing feed intake and decreasing glucose will be studied in the future by our group.
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The NLRP3 inflammasome is a complex of intracellular interacting proteins and is composed of a NOD-like receptor, ASC, and pro-caspase-1. The activated inflammasome cleaves pro-caspase-1 into the active enzyme caspase-1. In turn, caspase-1 activates the IL-1 family proinflammatory cytokines IL-1β and IL-18 by cleaving pro-IL-1β and pro-IL-18 into their active forms. Subsequently, IL-1β and IL-18 activate inflammation-mediated apoptosis and fibrosis. The NLRP3 inflammasome can also induce pyroptosis in a caspase-1-dependent manner [40] . The loss of cardiomyocytes via pyroptosis reduces contractile reserves and leads to heart failure [41] . Additionally, as cytosolic components are released with pyroptosis, extracellular ASC becomes a danger signal and initiates inflammasome formation. Extracellular ASC continues to activate pro-caspase-1, thus propagating the inflammatory cascade. IL-1β is a cytokine with major roles in inflammation, the innate immune response and fibrosis. IL-1β is produced by activated monocytes, macrophages, dendritic cells and fibroblasts and induces the production of cytokines, such as TNF-α and IL-6, or proteases, such as MMPs. Furthermore, IL-1β is associated with neutrophil recruitment and the proliferation of resident cells (primarily fibroblasts) [42] . IL-1β is increased during heart failure and is associated with poor exercise tolerance and with remodelling after ischaemia-reperfusion injury [43, 44] . The modulation of IL-1β attenuates myocardial enlargement and ventricular dysfunction [45] . IL-18 is constitutively expressed as a biologically inactive precursor molecule lacking a signal peptide. Increased IL-18 levels are correlated with functional class and mortality in heart failure. IL-18 is increased during acute heart failure and remains elevated after discharge [46] . Consistent with previous reports, DCM was characterised by worsened diastolic myocardial performance and enhanced myocardial apoptosis, fibrosis and NLRP3 inflammasome levels. The pharmacological inhibition of NLRP3 inflammasome activation attenuated the expression of cardiac apoptosis and collagen components associated with DCM. Similarly, recent evidence supports an emerging role of NLRP3 inflammasome activation in DCM in addition to its already established role in mediating cell apoptosis and fibrosis during myocardial injury. High glucose-induced ROS generation also activated NLRP3 inflammasome signalling pathways in diabetic hearts and activated cell apoptosis and fibrosis pathways, which in turn regulated the expression of proinflammatory cytokines, IL-1β and IL-18. Importantly, the oxidative-nitrative stress and inflammatory pathways in DCM are closely interrelated and promote the development of myocardial fibrosis. Treatment with H3 relaxin attenuated the myocardial expression of apoptosis markers, fibrosis, and NLRP3 inflammasome activation that occur in diabetic hearts. Additionally, H3 relaxin treatment attenuated/reversed (although to a lesser extent) some of the discussed DM-induced myocardial biochemical and functional changes after the establishment of DCM. These results also support the emerging role of the NLRP3 inflammasome in the development and progression of DCM.
Collectively, our results strongly suggest that H3 relaxin has therapeutic potential for the treatment of DCM by attenuating myocardial apoptosis, fibrosis and inflammation.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
